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Abstract
Sustainable agriculture will rely increasingly on alternatives to conventional chemical insecticides for pest management that are environmentally friendly and
reduce the amount of human contact with pesticides. Microbial control agents, i.e. insect pathogens, can provide effective control, conserve biodiversity, and
serve as alternatives to chemical insecticides under several conditions. Due to their specificity for insects, insect pathogens including viruses, bacteria, fungi
and nematodes are ideal candidates for incorporation into integrated pest management strategies in orchards where their effects on other natural enemies
will be minimal. There is also excellent potential for combining microbial control with other soft technologies such as mating disruption. Increased use of
microbial control will depend on a variety of factors including improvements in the pathogens (virulence, formulation, delivery, etc.) and an increased
awareness of their attributes by growers and the general public.  In this review we provide an overview of microbial control of the key insect pests of citrus,
pome fruits, stone fruits and nuts.
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Introduction
Detrimental consequences of pesticide use are numerous and in-
clude concerns over worker and food safety, environmental con-
tamination and decline of biodiversity in agroecosystems. Con-
trol of arthropod pests of tree fruit and nuts in most conventional
orchards traditionally employs substantial amounts of insecticides
to prevent economic damage to crops.  The need to reduce pesti-
cide usage while meeting human needs for food and fiber has pro-
vided incentive for the development of cost effective alternatives
to conventional chemical pesticides.  The integrated pest man-
agement (IPM) strategy, in which natural enemies (i.e., parasites,
predators and pathogens) of pest arthropods and other alternative
measures play significant roles in crop protection, is one aspect
of sustainable agriculture that attempts to minimize negative en-
vironmental impact, and other deleterious effects due to insecti-
cide usage.  Because of their specificity for insects,
entomopathogens are ideal candidates for incorporation into IPM
where their effects on natural enemies will be minimal as com-
pared to most presently used chemical pesticides. Several key pests
of fruit and nuts have been controlled with entomopathogens un-
der experimental or operational conditions. In this review we pro-
vide an overview of microbial control of the key insect and mite
pests in temperate and subtropical tree fruit and nuts.  Because
the literature on microbial control in orchards is extensive, we
have had to restrict our review to major pests.

Citrus
Root weevils of economic importance in citrus primarily include
the diaprepes root weevil, Diaprepes abbreviatus, blue-green
citrus root weevils, Pachnaeus spp., fiddler beetles, Exophthal-
mus, spp. and the Fuller rose beetle, Asynonychus godmani1.
Although microbial control studies have been conducted on other
citrus root weevils, e.g., the nematode Steinernema carpocapsae2

against A. godmani, most has been towards suppression of D.
abbreviatus and Pachnaeus spp.3-5.  Entomopathogenic nematodes

have been researched extensively for control of D. abbreviatus
and Pachnaeus spp. in Florida citrus groves. Among nine nema-
tode species evaluated thus far, Heterorhabditis indica and
Steinernema riobrave were the most virulent to D. abbreviatus
larvae6-9.  In several field studies, S. riobrave caused > 90% sup-
pression of D. abbreviatus and Pachnaeus spp6,10,11.  Currently,
H. indica and S. riobrave are both being marketed commercially
for control of D. abbreviatus and Pachnaeus spp.  Factors that
can affect efficacy include rate of application (generally rates of
>100 infective juveniles [IJs] per cm2 are required)5,12, formula-
tion13, and soil type14,15.

 Stability and favorable soil conditions (moisture, aeration, tex-
ture) make Florida citrus groves amenable to entomopathogenic
nematode recycling and persistence. Indeed, endemic nematode
populations exist16 and can provide significant D. abbreviatus
suppression (e.g., 7 - 42%)12. However, inundative applications of
nematodes (i.e., H. bacteriophora, H. indica, S. carpocapsae,
and S. riobrave) to citrus have resulted in poor persistence, reach-
ing pre-treatment levels within two weeks post-application10,12.
Discovery of other species that are both virulent and persistent
would be beneficial.  A newly discovered nematode species,
Steinernema diaprepesi (isolated from D. abbreviatus) is per-
sistent and provides substantial control of D. abbreviatus in
Florida citrus groves where it is endemic17.
   In addition to entomopathogenic nematodes, entomopathogenic
fungi such as Beauveria bassiana and Metarhizium anisopliae
have been isolated from, and tested against, D. abbreviatus lar-
vae, but were efficacious only at high rates of application18-20.  The
effectiveness of B. bassiana and M. anisopliae may, however, be
increased through a synergistic relationship between the fungi and
sublethal doses of the insecticide, imidacloprid
(chloronicotinyl)20. A number of other important citrus pests have
been studied for suitability to microbial control.  The fungus,
Hirsutella thompsonii has received considerable attention as a
microbial control agent of the citrus rust mite, Phyllocoptruta
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oleivora4,21-23, but commercialization was short-lived (lasting a few
years and terminating in 1985) due to variation in field efficacy24.
As a potential alternative to direct application of the fungus, iso-
lation and application of toxins associated with H. thompsonii were
found to have promise for P. oleivora control25.  Potential for the
control of certain fruit flies (Diptera: Tephritidae), such as the
Mediterranean fruit fly, Ceratitus capitata, and the Caribbean fruit
fly, Anastrepha suspense, and other species has been demonstrated
using Hyphomycete fungi26-30 and entomopathogenic nematodes31-

34.  Entomopathogenic fungi have also shown promise in control-
ling certain homopteran pests, e.g., Aschersonia spp. for control
of whitefly populations35-37 and B. bassiana for control of the
brown citrus aphid, Toxoptera citricida38.

Apple and Pear
Apple and pear are attacked by a variety of arthropod pests, but
successful microbial control has been predominantly against Lepi-
doptera.  In this section we will review the potential of pathogens
for control of codling moth (CM), Cydia pomonella, and several
other species in the family Tortricidae that are collectively re-
ferred to as leafrollers. CM is a key cosmopolitan pest of apple,
pear, walnut and other fruit39.  The most vulnerable stages of this
pest in regards to microbial control agents are the neonate larvae
before they enter the fruit and cocooned larvae. CM overwinter as
mature cocooned larvae in cryptic habitats (under bark, in fruit
bins, etc.). The entomopathogens with the most promise for in-
corporation into IPM strategies are the granulovirus of CM
(CpGV) and entomopathogenic nematodes (Steinernema spp. and
Heterorhabditis spp.). The CM granulovirus is a highly virulent
baculovirus that targets neonate larvae, but must be ingested be-
fore or during entry of larvae into fruit. The virus is applied by
spraying orchards with approximately 1013 virus granules per hect-
are at 7-14 day intervals when neonate CM larvae are present. The
per os mode of entry of the virus allows some fruit damage, but
larvae often die before penetrating deeply into the fruit40,41.  Con-
sequently, treated fruit will have as many CM entries as untreated
fruit, but some with minute entries will be marketable.  The prin-
cipal objective of treatments, however, is population reduction.
The specificity of the virus for CM and some closely related spe-
cies and safety to nontarget organisms42,43 can also contribute to
the conservation of insect natural enemies and biodiversity in the
orchard agroecosystem. Numerous field trials around the world
have demonstrated good activity against CM 44-50. CpGV is now
commercially available in Europe and North America.  CpGV can
be effective in controlling CM, but concerns expressed by grow-
ers are: the increased number of shallow entries to fruit; short
residual activity of the virus due to UV inactivation; the need for
multiple applications; lower efficacy against high density CM
populations; and expense.  Adjuvants that provide UV protection
or increase feeding (thus increase uptake of virus) have report-
edly improved the activity of the virus by protecting it from UV
degradation or increasing uptake of the virus51,52. In addition to
efficacy evaluations, investigations are also underway by several
researchers to study the role of transovariole transmission of the
virus and its latent activity in CM populations.  The
entomopathogenic nematode, S. carpocapsae, has been reported
from CM in North America and Eastern Europe53,54. Research re-
sults indicate good control potential for this and a number of other
nematode species when adequate moisture is maintained and tem-

peratures are above 10-15
0
C55-59.  Dosages of 1-2 x 106 IJs per

tree and surrounding area can provide effective control of
cocooned larvae under optimal conditions.  Protocols for the field
evaluation of entomopathogenic nematodes against cocooned
stages of CM are presented by Lacey et al.60. Fruit bins infested
with cocooned CM can be a significant source of invading moths
in mid to late summer when they are placed in orchards for har-
vest.  Entomopathogenic nematodes (S. carpocapsae, S. feltiae,
and others) offer potential for decontaminating fruit bins at the
time when they are submerged in drop tanks61 or sprayed with
drenchers used for treating or cooling fruit62.   Several defoliating
tortricid species collectively referred to as leafrollers can be sig-
nificant pests of apple and pear.  The selective control of CM us-
ing mating disruption has on occasion resulted in increased num-
bers of leafrollers which had been coincidentally controlled in
conventional orchards by broad spectrum insecticides applied for
CM control63. Microbial control agents offer a means of control
of leafroller larvae to supplement mating disruption for CM and
conserve insect natural enemies and other beneficials. The bacte-
rium B. thuringiensis (Bt) and baculoviruses have been the most
extensively studied microbial control agents of leafroller pests in
apple.  Bt has been widely and commonly employed for control of
leafrollers in apple and pear and other tree fruit60,64-71. It is also
one of the most frequently used means of leafroller control in
certified-organic orchards65, and in conventional orchards where
resistance to organophosphate insecticides is a concern. Its safety
record is well documented having little or no effect on the vast
majority of nontarget organisms, including beneficial insects66. A
variety of factors including temperature, larval age, timing of ap-
plications, Bt variety, degree of coverage and spray concentration
can affect the efficacy of Bt formulations against leafroller pests
in pome fruit67-70.  The short residual of Bt in combination with
rapid foliage growth in the spring and early summer increases the
need for several applications to successfully control pests. Envi-
ronmental factors such as rainfall and sunlight are major determi-
nants of the residual life of Bt71.  There are several viruses re-
ported from leafrollers and other tortricid orchard pests. The most
efficacious are baculoviruses including several granuloviruses
(GV) and nucleopolyhedroviruses (NPV).  Granuloviruses are con-
siderably more specific than many of the NPVs, infecting single
species or closely related species. The GV of Adoxophes orana
(AoGV) has been extensively tested in Europe and Japan72-75.  This
GV is routinely used for control of A. orana in certain orchards
in Europe. It has been credited with persistent control; however,
three major problems associated with it are low tolerance to UV
radiation, slow rate of kill and specificity for one pest. Improve-
ment of AoGV activity through formulation is reported by Luisier
and Benz76.

Stone Fruits
Oriental fruit moth, Grapholitha molesta, a widespread pest of
peaches, nectarines and other fruit, is susceptible to Bt when it is
feeding on treated foliage77. Overwintering larvae (found within
cocoons in cryptic habitats) are amenable to control with
entomopathogenic nematodes under conditions similar to those
required for CM78. Various boring insects in the order Lepidoptera
are important pests of stone fruits.  The clearwing moths (Lepi-
doptera: Sesiidae) in the genus Synanthedon, which are among
the most serious of these boring pests, are generally quite sus-
ceptible to entomopathogenic nematodes79-82.  Efficacy with nema-
todes was also demonstrated for control of the peach fruit borer,
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Siegel et al. 115  reported high levels of suppression when S.
carpocapsae and S. feltiae were applied to almond and pistachio
nut mummies on the ground for control of A. transitella larvae.
Additionally, Bt has been shown to be a viable pesticide alterna-
tive in an integrated approach to suppression of A. transitella116,117.
Bt has also been successfully employed to suppress some other
nut pests such as the peach twig borer, Anarsia lineatella86, 116,118,
the fall webworm, Hyphantria cunea, and walnut caterpillar,
Datana integerima, in pecan trees119.

Conclusions
Sustainable agriculture will rely increasingly on alternatives to
conventional chemical insecticides for pest management that are
environmentally friendly and reduce the amount of human contact
with pesticides.  Entomopathogens can be effective control agents,
conserve biodiversity, serve as alternatives to broad spectrum
chemical insecticides under several conditions, and provide op-
tions to counteract resistance to conventional insecticides. The
integration of entomopathogens into comprehensive IPM programs
will not only depend on compatibility with other biological con-
trol agents, but also with chemical methods of control and envi-
ronmental conditions in a given cropping system and their effects
on infectivity and persistence of microbial control agents. The
increased successful utilization of entomopathogens will require
several improvements in the pathogens and their formulation, care-
ful selection of application windows and niches, a better under-
standing of how they will fit into integrated systems and their in-
teraction with the environment and other components of integrated
pest management, as well as an increased awareness of their at-
tributes by growers and the public120.
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